OBJECTIVES: More than 20% of lung cancer patients develop a recurrence, even after curative resection. We hypothesized that relapse may arise from the dissemination of circulating tumour cells (CTCs). This study evaluates the significance of CTC detection as regards the recurrence of non-small-cell lung cancer (NSCLC) in surgically resected patients. Secondly, we investigated the association between CTCs and the uptake of 18 F-fluorodeoxyglucose (FDG) by the primary tumour on a positron emission tomographic (PET) scan.
INTRODUCTION
Despite recent advances, the outcomes of patients with lung cancer remain poor globally [1] . In the early stages of non-small-cell lung carcinoma (NSCLC), surgical treatment is considered the most effective treatment. However, a large number of recurrences are observed even after complete resection [2] .
Tumour-node-metastasis (TNM) staging represents the most important factor for determining prognosis and deciding on the best treatment. However, it provides incomplete biological information and, in many cases, no explanation for the differences in recurrence in the early stages and overall survival. Therefore, there is an urgent need for prognostic biomarkers able to predict the risk of recurrence in lung cancer patients after curative resection, thereby identifying those more likely to benefit from adjuvant therapy [3, 4] .
Among different promising biomarkers, detection and characterization of circulating tumour cells (CTCs) in the blood of cancer patients have lately attracted increasing interest. Recent evidence supports the observation that cancer is disseminated by the spread of tumour cells from the primary tumour into the bloodstream. Detection of these CTCs is associated with a worse prognosis and a higher risk of relapse [5] . Additionally, the characterization of CTCs may provide a molecular profile of a tumour, representing tumour heterogeneity even better than a single tumour biopsy [6, 7] .
Otherwise, molecular imaging, mainly positron emission tomography (PET), plays a fundamental role in the management of patients with lung cancer. A PET/computed tomography (CT) scan is routinely performed for staging, restaging, treatment planning and follow-up [8] . PET imaging using the tracer 18 F-fluorodeoxyglucose quantifies the metabolic function of the tumour, differentiating metabolically highly active from less active tumour tissues and therefore offering an opportunity for non-invasive, in vivo tissue characterization.
Studies have shown that the degree of FDG uptake by the tumour, as assessed with the maximum standardized uptake value (SUVmax), is a significant prognostic factor in NSCLC, related to the metastatic potential of the tumour [9, 10] . Both the detection of CTCs and PET scans may play complementary roles as noninvasive assays to obtain biological information related to tumour proliferation and metabolic activity [11] . However, few studies have investigated the correlation between uptake value on PET scans and CTCs.
With this background, our first aim was to evaluate the significance of the detection of CTCs in relation to the recurrence rate in surgically resected NSCLC. Secondly, we investigated the association between CTCs and primary tumour FDG uptake on PET scans.
METHODS
We performed a single-institution prospective study, including 102 consecutive patients who underwent curative resection for previously untreated NSCLC at Virgen de las Nieves University Hospital (Granada, Spain) between November 2012 and February 2015. Peripheral blood samples were collected from each patient before and 1 month after surgery for CTC analysis. Pretreatment PET/CT scans, as part of the initial staging, were obtained for 95 patients. There was a control group of 25 healthy volunteers.
All patients underwent anatomical pulmonary resection and systematic lymph node dissection with curative intent. No patient had received induction therapy or had concurrent or prior malignancy in the previous 5 years. Perioperative death was an exclusion criterion. Informed consent was obtained from each patient, and the study was approved by the local ethics committee.
Indication for adjuvant treatment was established by the local tumour committee according to the guidelines of the American Society of Clinical Oncology. Adjuvant treatment was initiated after the second determination of CTCs.
The follow-up schedule was that usually performed for resected NSCLC and comprised a first clinical visit 1 month after surgery, then once in every 3 months in the first year and finally once in every 6 months from the second to the fifth years. At least 1 chest CT scan was performed every 6 months and 1 PET/ CT study was done per year [12] .
Circulating tumour cell analysis
Peripheral blood samples were collected before the operation (CTC1) (2-16 h before) and 1 month after (CTC2) and sent to the GENyO Centre for immunomagnetic analysis of the CTCs.
Blood samples were collected in 10-ml CellSave Preservative Tubes (Veridex, LLC, Johnson & Johnson Company, New Brunswick, NJ, USA), stored at room temperature and processed within 72 h of collection. Samples were processed according to the protocol previously established [13] (Supplementary Material, Text 1).
The samples were first processed by density gradient centrifugation. For CTC enrichment, we used the Carcinoma Cell Enrichment and Detection Kit with MACS Technology (Miltenyi Biotec, Bergisch Gladbach, Germany). CTCs were identified by immunocytochemical methods and visualized under a direct light microscope to perform the combined cytomorphological and immunophenotypic assessments. Citoqueratin (CK)-positive cells were identified by immunohistochemical assays and signals were detected by chromogenic and fluorescent assays. Epithelial tumour cells were identified and counted based on their red staining [12] (Fig. 1 ).
Statistical analysis
Patients were considered CTC positive if at least 1 CTC was isolated. CTCs were assessed both as continuous variables and as binary qualitative variables (presence/absence). Categorical variables were compared by the Fisher's exact test and continuous variables by the t-test and analysis of variance.
Receiver-operating characteristic (ROC) curve analysis was performed to determine the optimal cut-off of the SUV value on the PET scan for prediction of the presence of CTCs.
A possible correlation between CTCs and clinicopathological characteristics was analysed, and multivariate logistic regression analyses were performed including variables statistically significant in univariate analyses. A stepwise backward selection was performed.
Clinical outcomes were evaluated in terms of recurrence-free survival (RFS), which is defined as the interval between the date of surgery and the date of relapse expressed in number of months. To calculate recurrence-free probability, patients who died without recurrence were censored.
For univariate analyses, RFS survival rates were estimated using the Kaplan-Meier method, and differences were determined using the log-rank test. Multivariate analysis was performed using the Cox's proportional hazard regression model. P-values <0.05 were considered statistically significant. Statistical analyses were carried out using SPSS/PC ver. 21.0.
RESULTS
A total of 102 consecutive patients with NSCLC were enrolled in this study. Main patient characteristics and surgical details are summarized in Table 1 . Lobectomy was the most frequent resection technique, performed using video-assisted thoracic surgery in 42.2% of cases. A preoperative FDG PET/CT scan was performed in 95 patients. The mean SUVmax value of the primary malignancy was 11± 5.7 (mean ±SD).
CTCs were detected in blood samples from 40 (39.2%) of the 102 patients before the operation and in 28 cases (27.5%) 1 month after the operation (Fig. 2) .
For CTC-positive patients, the mean level of CTCs was 5.4 ± 13 (mean ± SD) per 10 ml before and 2.8 ± 2.1 after the operation. Dynamic changes in the numbers of CTCs were also evaluated. We found that most patients with CTCs at baseline presented a decrease in the second detection (34 of 40), from a mean number of detected cells of 5.8 ± 14.1 before to 0.4 ± 0.8 1 month after the operation (P = 0.031; Supplementary Material, Fig. S1 ).
An increase was observed in 20 patients (mean number of CTCs before the operation was 0.6 ± 1.6 vs 3.2 ± 2.3 after the operation, P < 0.001); 1 showed no change; in 47 cases, no CTCs were detected at any point. No CTCs were found in the control group.
The relationship between the presence of CTCs and clinicopathological characteristics was investigated; no significant correlation with the first detection was found (Table 2) .
Nevertheless, the presence of CTCs 1 month after the operation was significantly correlated with FDG PET/CT uptake. According to a receiver-operating characteristic curve analysis, the SUV cut-off point was set at 9.4 (sensitivity: 80.8%, specificity: 62.3%; Supplementary Material, Fig. S2 ). A total of 44.7% of patients with a high SUVmax had CTC2 compared with 10.4% for patients with lower uptake. Moreover, the SUVmax mean value was significantly higher in CTC2-positive patients (14 ± 5.9 vs 10 ± 5.2 for CTC2-negative patients).
The presence of CTC2 was also correlated with pathological stage; we observed a detection rate of 37% for Stages II-III compared with 16.7% for Stage I. Finally, with the surgical approach, the prevalence of CTCs was higher after thoracotomy (35.6%) than after the video-assisted thoracic surgery approach (16.3%).
In the multivariate logistic regression analysis, only the SUVmax value on the PET scan was associated with the presence of CTCs after the operation [odds ratio (OR): 1.13; 95% confidence interval (CI) 1.03-1.23; P = 0.011] (Supplementary Material, Table S1 ).
A total of 36 (35.3%) patients developed recurrence during the follow-up period (median follow-up: 19 months, range: 3-34). First sites of failure were local only in 10 cases; local and distant in 6; and distant in only 10. For the entire cohort, the 1-year RFS rate was 71.5%. A possible influence of CTC detection on RFS was investigated: the presence of CTCs before the operation did not correlate with recurrence. However, the presence of CTCs after the operation was significantly associated with a shorter RFS (1-year RFS rate of 52.1% for CTC2-positive patients compared with 79.1% for CTC2-negative patients after the operation, log-rank test P = 0.005; Fig. 3 ).
In univariate Cox's regression analysis along with the presence of CTC2, pathological Stages II and III showed more frequent disease progression than Stage I. Nodal status N1-N2 and tumour size also had a significant effect on RFS. According to multivariate analysis, both pathological stage and the presence of CTC2 were significantly independent prognostic factors for RFS (Table 3) .
In this study, the presence of at least one CTC after the operation was correlated with prognosis independently of the number of cells detected. The CTC2 count as a continuous variable was not significantly correlated with prognosis [hazard ratio (HR) 1.1; 95% CI 0.99-1.31; P = 0.066].
Finally, we investigated the influence of the detection of CTCs only in Stage I patients. A subgroup analysis was performed including 48 patients in Stage I: According to Cox's regression analysis for RFS, the presence of CTC2 was the only significantly correlated variable (HR 3.9; 95% CI 1.1-14.1; P = 0.036; Supplementary Material, Table S2 ).
DISCUSSION
To our knowledge, this study is the first to report a significant association between the detection of CTCs and tumour FDG PET/ CT uptake in the early stages of NSCLC. We performed CTC analysis on Stage I-III NSCLC patients who underwent radical resection. Patients with higher FDG uptake were more likely to be positive for CTCs after the operation (OR: 1.13; 95% CI 1.03-1.23; P = 0.011).
Only a few studies have assessed the association between CTCs and FDG uptake in epithelial tumours. The first studies, performed on patients with metastatic breast cancer, described an association between extensive bone metastases detected by PET/ CT and an increased number of CTCs [14] . In patients with advanced NSCLC, Punnoose et al. [15] examined the change in CTC levels in response to treatment and found a correlation between a decrease in the CTC count and a radiographic response using either FDG-PET or the Response Evaluation Criteria in Solid Tumors. Finally, Nair et al. [16] , in a multicentre study of 71 patients with all stages of NSCLC, explored a possible correlation between CTCs detected by a non-epithelial cell adhesion molecule-based technique and FDG uptake. They were unable to find a significant association with CTCs detected before treatment.
We also did not find a correlation with the first detection before surgery, but we did so in the second determination HR: hazard ratio; CI: confidence interval; PET: positron emission tomography; SUVmax: standardized uptake value; TNM: tumour, node, metastasis; N: node; VATS: video-assisted thoracic surgery; CTC1: circulating tumour cell status before surgery; CTC2: circulating tumour cell status 1 month after surgery. performed 1 month after the operation. This second determination also correlated with other clinicopathological characteristics, including pathological stage and surgical approach. But only FDG-PET uptake by the tumour was independently associated with the presence of CTCs after the operation in the multivariate analysis. Interestingly the presence of CTCs in this second detection was also significantly correlated with prognosis.
Previous clinical studies have reported the prognostic value of CTC detection in different epithelial tumours [13, 17] . In a recent meta-analysis of the prognostic significance of CTCs in patients with NSCLC, the detection of CTCs was significantly associated with shorter overall survival and progression-free survival [18] . It has been proposed that, in advanced stages of the disease, the numbers of CTCs are correlated with prognosis and response to treatment [19] . In the early stages, a few studies have suggested that CTC detection can also help to predict prognosis. Hofman et al. [20] showed that an elevated CTC count preoperatively in patients with resectable NSCLC was an indicator of a poorer prognosis, associated with reduced disease-free and overall survival.
In our previous study, which included 56 patients, the detection of CTCs after surgery was correlated with early relapse and a shorter disease-free survival [12] . These results are confirmed in the present study. With a median follow-up of 19 months, patients with CTCs after the operation were more likely to develop an early recurrence (HR 2.8; 95% CI 1.3-5.9; P = 0.011).
In some previous reports, CTCs were detected during or immediately after surgical resection, some in samples from the pulmonary vein. In those reports, the prevalence of CTCs was higher in the pulmonary vein than in the peripheral samples; several investigators described an increase in the CTC count right after resection [21] . The possible involvement of the cells detected immediately after the operation in subsequent disease progression remains unknown, and no prognostic significance has been reported thus far.
The impact of the sequence of pulmonary vessel ligation on prognosis and release of CTCs has also been investigated. Some studies suggest that the pulmonary vein might be ligated first to reduce the rate of haematogeneous cancer cell dissemination [22] . However, other research studies showed conflicting results, and, based on long-term studies, there is no evidence to suggest that the sequence of vessel ligation has an influence on oncological outcomes or survival [23] .
It is known that a large number of cells can be shed into the bloodstream during the operation, but a number of them are apoptotic and many are eliminated by the immune system. Accordingly, in animal models, only 0.1% of tumour cells remain viable 24 h after intravenous administration. Therefore, it is possible that a CTC count taken immediately after the operation could be overestimated.
In this study, CTCs were detected in the peripheral blood and the second determination was perfomed at least 3 weeks after the operation. For a biomarker to be useful in the clinical setting, it should be easily evaluated in a non-invasive way. The detection of CTCs in peripheral blood meets these requirements; in addition, the test can be repeated during the follow-up period, thereby offering the opportunity for real-time monitoring that could guide treatment decisions and target therapies.
We also highlight the importance of detecting the CTCs more than once, before and after the operation at least, to observe dynamic changes and mainly because post-surgical detection seems to be better correlated with prognosis. In a study by Yoon et al.
[24] of 79 surgically resected patients with NSCLC, CTCs detected postoperatively were associated with disease progression.
In our study, we performed the second detection at least 3 weeks after the operation to avoid the influence of surgical manipulation on CTC levels. As we described previously, we found a significant correlation with a shorter RFS.
These results suggest that testing for the presence of CTCs might help to identify patients with a higher risk of relapse after complete resection. The presence of CTCs 1 month after the operation might be correlated with the presence of residual disease, representing a factor to consider when planning adjuvant treatment. It would be especially important in the Stage I group, where we also found an association between postoperative CTCs and a worse prognosis.
In this study, the presence of CTCs was associated with recurrence independently of the pattern of failure. Despite CTCs having been traditionally correlated with distant failure, recent theories suggest that their presence could also be related to local recurrence. It has been recently highlighted that CTCs can recolonize the primary tumour site from which they were initially detached by a phenomenon called 'tumour self-seeding' [7] .
Limitations
This study has clear limitations, including the small sample size and the limited observation time. A longer follow-up period would be necessary to evaluate the influence of CTC detection on overall survival.
Another important limitation to acknowledge is the method used for CTC detection. A number of techniques have been described for CTC isolation, some of them based on physical properties and others, the most commonly employed, on specific biological features such as the expression of tumour cell markers. In this study, CTC determination was based on the expression of epithelial markers by the tumour cells, which might imply an underestimation of the real CTC count.
Recent investigations suggest that during metastasis, some tumour cells may undergo a phenotypical change, losing some epithelial features and adopting a more mesenchymal phenotype that facilitates vascular invasion and their transition into the bloodstream [7] . This change, epithelial mesenchymal transition, is characterized by a complete or partial loss of epithelial markers and an increase or gain of some mesenchymal markers. It is not thought to be an all or nothing process, and many CTCs express both epithelial and mesenchymal markers. It is likely that these subpopulations with more mesenchymal properties are not properly detected by current methods and that the real CTC count might therefore be underestimated. Hence, in future studies, a panel of markers including mesenchymal markers such as vimentin or slug will be used to detect different subpopulations of CTCs.
Low numbers of cells have been detected in this study. Because the CTC count is usually lower in the early stages than in the advanced stages, the detection of CTCs is particularly challenging. In a study by Hashimoto of patients with Stage I to Stage IV NSCLC who had an operation, only 1 cell was detected in the peripheral blood of 2 of the 30 patients using the CellSearch Circulating Tumor Cell Kit [21] . Considering the high specificity of the technique used by our group and our goal of avoiding false negatives, we considered patients in whom we detected at least one CTC to be CTC-positive.
CONCLUSION
In conclusion, this study shows a correlation between the postoperative presence of CTCs and the uptake of FDG by the primary tumour on a PET/CT scan. Both techniques provide valuable information about the biological characteristics of early stage NSCLC not evaluated by the tumour stage. In addition, the presence of CTCs after the operation was associated with early recurrence and a shorter period of recurrence-free survival, suggesting the possible utility of the detection of CTCs as a marker of a higher risk of relapse in patients with early stage NSCLC. Further research including multicentre studies is now warranted to validate the clinical utility of the detection of CTCs in patients with resected NSCLC.
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